ABSTRACT Cold stress triggers an anti-oxidative response in animals regulated by Nrf2 (nuclear factor 2-like, NFE2L2) binding to deoxyribonucleic acidregulatory sequences near stress-responsive genes. To identify chicken Nrf2-regulated genes, 3 genetically related experimental groups (EG) with 40 Huainan partridge chickens in each group were chosen. The chickens were maintained at 20
INTRODUCTION
Chickens are highly sensitive to environmental temperature change. Sudden decrease of the environmental temperature during the early rearing period will bring high stress for breeders. It is reported that exposure to chronic cold stress could cause chickens duodenum oxidative stress and increased expression of iNOS (inducible nitric oxide synthase) mRNA (Zhang et al., 2011) . Mujahid and Furuse (2009) demonstrated that neonatal chicks exposed to low temperatures suffered oxidative damage of the lipid peroxidation in the brain and heart. Reactive oxygen metabolites increased in chickens kept under low temperatures (2 • C), suggesting that cold stress in chickens initiates oxidative stress (Chen et al., 2014a) . Up-regulation of UGT1A6 (glucuronosyltransferase 1 family, polypeptide A6), one of the Nrf2 (nuclear factor (erythroid-derived 2)-like 2; NFE2L2) downstream genes, suggested that Nrf2 might participate in this oxidative stress through increased C 2015 Poultry Science Association Inc. Received January 23, 2015 . Accepted July 19, 2015 Corresponding author: gzy@ahau.edu.cn abundance of free Nrf2 protein within the cytosol (Chen et al., 2014b; Vomhof-Dekrey and Picklo, 2012) .
Nrf2 is a key transcriptional mediator of antioxidant and Phase detoxification genes, which collectively protect the cellular milieu from oxidative stress (Cho et al., 2006; Kobayashi and Yamamoto, 2006; Limon-Pacheco and Gonsebatt, 2009; Zhang et al., 2013) . In response to stimuli, Nrf2 dissociates from Keap1, translocates to the nucleus, and dimerizes with other bZIP proteins such as small Maf proteins to form a transactivation complex that binds to antioxidant response elements (ARE) (Bryan et al., 2013; Hu et al., 2006) . Of growing importance, other gene classes including those involved in protein transport, ubiquitination, phosphorylation, cell cycle, growth, and apoptosis have been identified as potentially Nrf2-dependent and are altered in studies with phenolic antioxidant and isothiocyanate treatments (Chun et al., 2014; Gopalakrishnan and Kong, 2008; Lee et al., 2013a,b) .
To identify genes that are directly regulated by Nrf2 requires evidence of binding at ARE and transactivation of transcription. Recently, deep sequencing of ChIP ddeoxyribonucleic acid (DNA) (ChIP-seq) has been widely used for searching transcriptional targets (Chorley et al., 2012; Lo and Matthews, 2012 ).
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It is well known that many enzymes participated in the detoxification, antioxidative process. In a previous study, p450 family genes differentially expressed in many organs suggested that the liver might play major role in the response to the antioxidative process of chickens under cold stress (Chen et al., 2012) .
The Chinese indigenous breed, Huainan Partridge chicken, has been included in the "Convention on Biological Diversity." This breed is mainly distributed south of the Huaihe River, -a natural dividing line for south and north China which was considered to be representative of Chinese climatic conditions, including the change of seasons, temperature, humidity, etc. In this experiment, Huainan Partridge chickens were used to identify novel genes regulated by NRF2. Liver cells from the chickens were cultured for activation of NRF2 and to induce binding to DNA, and the results were compared with genome-wide techniques for detection of NRF2 occupancy with expression microarray data. This information was integrated for selection of biologically plausible NRF2-dependent candidate genes for follow-up. The screened candidate gene was then followed by Co-Immunoprecipitation (CoIP) analysis for downstream binding protein detection.
MATERIALS AND METHODS

Experimental Chicken Group
All experimental protocols were approved by the Committee for the Care and Use of Experimental Animals at Anhui Agricultural University. In order to avoid differences in genetic background, an experimental group (EG) was designed in this experiment. Maternal parent flocks (10 hens) were all from a full-sib group. These 10 hens were then mated with the same rooster, and 40 male offspring were taken as EG. Three similar EG were designed at the same time as 3 experimental repeats. All chickens were grown under conditions in accordance with the University's Animal Care and Use Committee policy. All chickens were kept in cages (0.36 m 2 /chick) each of which were under the same temperature and lighting conditions. Chickens from each of the repeats were divided into 2 treatments, 10 as control and 30 as the cold stress group. The trial was conducted at an experimental farm during the cold winter months. Before the fifth week of age, all chickens were reared under normal conditions with a 16L:8D light cycle and a temperature of 32 to 20
• C (32 • C at 1 to 3 day old and a 2 to 3
• C decrease per week until a temperature of 20
• C was reached). At the sixth week of age, 30 chickens from each EG were transferred to a room at a 6 ± 2
• C environmental temperature, and other 10 left as control continued to be reared at a 20 ± 2
• C environmental temperature. All chickens were reared under the same feeding program. During cold stress, 8 male individuals were randomly selected from each group for tissue sampling at the times of 12 h, 24 h, and 72 h cold stress following cervical dislocation. Livers were excised and immediately stored in protein stabilization reagents (SurModics, Stabilzyme, SurModics, USA) and stored at −20
• C.
Western Blot Analysis
Chicken liver samples from the control group and the cold stressed group were submitted for cell lysate extraction using mouse liver extract (SantaCruzBio, Inc., Santa Cruz, CA) kit according to the manufacturer's introduction. Total amount of protein was quantified after which the lysate was incubated in the SDS-PAGE loading buffer at 95
• C for 5 min. Equal amounts of sample lysate were separated by 12% PAGE and electrophoretically transferred onto a PVDF membrane (Millipore). The membrane was blocked in 5% powdered non-fat milk/Tris-buffered saline for 1 h and then incubated overnight with primary polyclonal antibody to Nrf2 (Ab31163, Abcam) or Rabbit polyclonal to Nrf2 (Ab31136, Abcam, USA) antibody to β-actin (Ab8227, Abcam). They were followed by horseradish peroxidaseconjugated secondary antibody of rabbit antibody to goat or goat antibody to rabbit (SantaCruzBio, Inc., Santa Cruz, CA) at a concentration of 1:2000. Determinations were performed using an enhanced chemiluminescence kit (ECL Kit, SantaCruzBio, Inc., Santa Cruz, CA).
Hepatocyte Culture
Chicken hepatocytes were separated by 2.5 g/L trypsin and 0.1 g/L EDTA (1:1). Chicken liver tissue from chickens reared under normal conditions were first cut into 1 to 2 cubic millimeter pieces, and washed once with RPMI1640 without serum, and then digested by 2.5 g/L trypsin and 0.1 g/L EDTA (1:1) for 10 min at 37
• C. The digestive was centrifuged for 10 min at 1,000 rpm, washed 3 times, and then transferred to Petri dishes of 10 cm diameter. The liver cells were incubated at 37
• C and 5% CO 2 and grown until confluent in RMPI1640 supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin.
ChIP-Seq Analysis
Chicken liver cells were plated at a density of 3 million per 10 cm dish. Conventional ChIP assays were conducted as follows: cells were first submitted for sonication and then dimethyl fumarate (DMF, SigmaAldrich, St. Louis, MO) as an Nrf2 activator was added at a final concentration of 10 μM to treat the cells for 12 h. The protein-DNA complexes were cross-linked with 1% formaldehyde for 10 min. Cross-linking was quenched by adding 125 mM glycine, and the cells were washed with phosphate-buffered saline, harvested, and resuspended in lysis buffer (50 mM Tris-HCl (pH8.0), 150 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Nadeoxycholate) containing protease inhibitors (P0013, Beyotime, China) and sonicated 10 times for 10 s each time. The soluble chromatin was collected by centrifugation, and an aliquot of the chromatin was put aside and represented the input fraction. The supernatants were incubated with 30 μL of protein A/G Sepharose (50% slurry; Amersham Pharmacia Biotech Co., Ltd.) under gentle agitation for 2 h at 4
• C. The supernatant was transferred to a new microcentrifuge tube, and 1 μg of Nrf2 antibody (Ab31163, Abcam) was added and incubated overnight at 4
• C. The pellets were successively washed for 10 min in 1 mL of buffer 1 (20 mM Tris-HCl [pH8.0], 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% sodium dodecyl sulfate [SDS]), 1 mL of buffer 2 (20 mM Tris-HCl [pH8.0], 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS), 1 mL of LiCl buffer (20 mM Tris-HCl [pH8.0], 250 mM LiCl, 1 mM EDTA, 1% NP-40, and 1% Na-deoxycholate), and 2 × 1 mL of TE (10 mM Tris-HCl (pH8.0), 1 mM EDTA). Protein-DNA complexes were eluted in 120 μL of elution buffer (TE, 1% SDS) for 30 min, and the cross-links were reversed by overnight incubation at 65
• C. DNA was purified using a PCR purification kit (QIAquick PCR Purification Kit, QIAGEN, MD) and eluted in 50 μL ChIP. DNA was quantified using Picogreen (Quant-iT PicoGreen ds-DNA Kit, Invitrogen, USA), and sequencing libraries were prepared using the standard Illunima ChIP-seq protocol. Shanghai Biotechnology Corporation (Shanghai, China) created the libraries and sequenced the immunoprecipitated samples on the Illumina Genome Analyzer. Reads were mapped to NCBI chicken reference genome.
ChIP-seq Data Analysis
The uniquely mapped short reads were used to identify regions of the genome with significant enrichment in NRF2-associated DNA sequences, hereafter referred to as 'peak regions' because of their appearance in genome-wide density plots. The peak detection was performed by Weblogo on-line assessment. The unique reads were reanalyzed to produce composite binding regions.
De novo Motif Discovery and Identification of Putative NRF2-binding Sites
To determine whether our ChIP-seq experiment allows unambiguous recovery of the DNA motif responsible for sequence-specific NRF2 protein binding, we applied de novo motif discovery to the ChIP-seq peak regions. Using Weblogo on-line assessment, we searched all regions for enriched sequence patterns without making any assumptions. To identify putative NRF2-binding sites, we used a position weight matrix method based on a curated list of known ARE, as described previously (Wang et al., 2007) . Genes with Nrf2 ChIP-seq peaks were analyzed through KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis. For each pathway, the probability values were computed based on R-package Fisher's exact test. P-value < 0.05 was considered significant.
Recombinant Protein Co-immunoprecipitation (co-IP)
Co-immunoprecipitate was performed to determine proteins that interact with the one translated from genes activated by Nrf2/ARE. Antibody of protein (translated from genes activated by Nrf2/ARE) was purchased from Santa Cruz (sc-27415, SantaCruzBio, Inc., Santa Cruz, CA) was purchased from Santa Cruz (sc-27415). For each sample, 20μg of each protein was mixed and allowed to incubate on ice for 10 min prior to co-IP with the antibody-linked resin from the ProFoundTM co-IP kit (Pierce Biotechnology, Rockford, IL). Proteins unable to bind to the antibody and proteins eluted from the antibody-linked resin were examined by standard SDS-PAGE and silver staining for the presence of each protein. The pulled down proteins were submitted for identification directly from gel through nanoLC-ESI-MS/MS analysis.
NanoLC-ESI-MS/MS Analysis
Each protein gel band was destained with disulfide linkages reduced by DTT and all Cysteine residues alkylated by iodoacetamide. The sample was then cleaned by washing with water, and digested in gel with sequencing grade modified trypsin (Promega) in the digestion buffer (ammonium bicarbonate 100 mM, pH8.5). The peptides from the digestion were extracted with acetonitrile, and completely dried in a SpeedVac device (Savant Explorer Speedvac, Thermo Fisher). The dried sample was then re-dissolved in sample solution (2% acetonitrile, 97.5% water, 0.5% formic acid). A dissolved peptide sample was then analyzed by a NanoLC-ESI-MS/MS system. NanoLC-ESI-MS/MS analysis of digested protein samples was carried out by high pressure liquid chromatography (HPLC) (Agilent 1260) with a 75 μm inner diameter 8 cm in length reverse phase C18 column. The particle size of the C18 is 3uM with a pore size of 300Ä. The injection time was 20 minute. The HPLC Solvent A was 97.5% water, 2% acetonitrile, 0.5% formic acid. HPLC Solvent B was 9.5% water, 90% acetonitrile, 0.5% formic acid. The gradation time was 60 minutes from 2% Solvent B to 90% solvent B, plus 20 minutes for sample loading and 20 minutes for column washing. The column flow rate was around 800 nanoliter per minute after splitting. Typical injection volume was 3 uL. The HPLC system was on-line coupled with an ion trap mass spectrometer ((LCQ DECA XP PLUS, Thermo) and a sample eluted from the HPLC column was directly ionized by an electrospray ionization (ESI) process and entered into the mass spectrometer. The capillary temperature was set at 11
• C. The mass spectrometer was set to the data-dependent mode to acquire MS/MS data via a low energy collision induced dissociation (CID) process. The default collision energy was 33% and the default charge state was 3. One full scan with 1 microscan with a mass range of 550 amu to 1,800 amu was acquired, followed by one MS/MS scan of the most intense ion with a full mass range and 3 microscans. The dynamic exclusion feature was set as follows: repeat count of 1 within 0.3 min and exclusion duration of 0.4 min. The exclusion width was 4Da. As default, the mass spectrometric data were used to search against the most recent non-redundant protein database with ProtTech's ProtQuest software suite. The output from the database search was manually validated.
RESULTS
Cold stress caused up-regulation of Nrf2
Transcription factor Nrf2 is important in regulating the expression of downstream antioxidant response genes. To test if the environmental temperature decrease caused oxidative stress and increase Nrf2 protein levels, liver samples from control group and each cold stressed time point were subjected to SDS-PAGE and western immunoblotting. Cold stress caused an obvious increase of Nrf2 protein expression (Figure 1) 
Hepatocytes Cultivation
Chicken hepatocytes were readily and easily isolated by this in situ collagenase perfusion method (see Materials and Methods). Typically, about 5 × 10 8 hepatocytes were obtained, with a viability of 88% as assessed by the trypan blue exclusion test. Two to three hours after seeding, hepatocytes were firmly attached to the substrate and began to spread (Figure 2) . After 48 h spreading, cells occupied nearly 90% of the substrate and were ready for further experiment.
Identificaiton of Nrf2 Binding Sites
To identify high-resolution genomic Nrf2 binding sites, we performed ChIP-Seq on chromatin isolated from chicken hepatocytes exposed to 10 μmol/L DMF (as Nrf2 activator) for 12 h. ChIP DNA was sequenced with an Illumina Genome Analyzer (Hiseq 2500) and aligned the sequence reads to NCBI chicken genome. We assessed the location of the sequence reads and ChIP-seq regions in relationship to the nearest gene transcriptional start site based on the NCBI chicken RefSeq gene database. Nrf2-binding sites have been reported as cis-acting elements located at an average distance of ∼1,800 bp from the gene transcriptional start site (Chorley et al., 2012) .
To determine whether our ChIP-seq experiment recovered the DNA motif assumed to be responsible for sequence-specific NRF2 protein-DNA binding, we applied de novo motif discovery to the ChIP-seq peak regions. We searched all regions for enriched sequence patterns using online Weblogo. The top enriched de novo motif ( Figure 3A) closely matches the core Nrf2 consensus binding motif ( Figure 3B) , described previously in a number of studies (Chorley et al., 2012; Wang et al., 2007) . Detected genes were then subjected to KEGG pathway analysis. The KEGG pathway analysis showed that the most significant pathway for up-regulated genes were the response to insulin signaling, starch and sucrose metabolism, and steroid hormone biosynthesis (Table 1) . While the most significant pathway for down-regulated genes were response to the PPAR signaling pathway, primary bile acid biosynthesis, and linoleic acid metabolism (Table 1) . Through screening genes involved in these pathways, 14 genes were thought to be responsive genes related to Nrf2/ARE regulation (Table 1) . To examine the downstream factors of the 14 Nrf2-responsive genes in more detail, CoIP analysis was performed further.
Nrf2/ARE Signaling Downstream Factors Analysis
Through the enriched genes mentioned above, we screened related antigens which can be used for Coimmunoprecipitation analysis for identifying downstream factors of Nrf2/ARE. Chicken liver under each cold stressed time were subjected to cell disruption and for co-IP using anti-UGT1A1 polyclonal antibody. The interacted proteins were subjected to electrophoresis to identify specific bands (Figure 4) . Furthermore, the specific bands were used for a nanoLC-ESI-MS/MS analysis. We obtained 3 potential TPH2 interaction proteins: actin (0.1%), fatty acid-binding protein (127 aa) (6.7%), and fatty acid-binding protein (126 aa) (1.3%). . Protein complex pulled down by CoIP were subjected to SDS-PAGE followed by silver staining. The gel was then cut and subjected to nanoLC-ESI-MS/MS analysis. Lanes 1 to 6, liver samples from chicken exposed to 12 and 72 h of cold stress. Lane M, molecular protein marker. Lanes 7 to 8, liver samples from control group.
It is believed that protein aggregation or synthesis might be affected by actin. In addition, co-IP analysis showed that the 3 proteins were detected by MS during the cold stress, which suggested that the TPH2-FABP was initiated after 12 h cold stress and sustained during cold stress.
DISCUSSION
Huainan Partridge chicken, a Chinese indigenous breed, has been recorded in the "Convention on Biological Diversity," and is mainly distributed south of the Hauihe River, a natural dividing line of south and north of China in which the climatic conditions, including the change of seasons, temperature, humidity, etc., are the most representative of China. Usually, male chickens with little subcutaneous fat compared to females show more sensitivity to environmental temperature changes. In addition, chickens after 6 wk of age can live without external heat. However, without external heating, a sudden decrease of environmental temperature during this time can have a negative impact on chickens, such as higher susceptibility to disease and decrease in body weight gain (Hangalapura et al., 2003; Zhao et al., 2014) . Huainan Partridge male chickens at 6 wk of age were thus selected for this experiment to analyze the Nrf2 signal pathway during cold stress.
Since the genetic relationship is unclear within the original Huainan Partridge chicken group, random sampling would affect the statistical accuracy due to differences in the genetic backgrounds of individuals. A full-sib cohort could not be obtained at the same time because more than one hundred chickens were required for the experiment. Therefore an experimental group, with affinities ranging from full-sib to half-sib, was established.
Cold stress causes radicals emergence, which combined with Keap1-Nrf2 compounds and initiated the Nrf2/ARE signaling cascade (Giuliani and Regoli, 2014) . In this experiment, after activation of Nrf2 with recombinant Keap1, ChIP, massively parallel sequencing together with bioinformatics were used to identify novel Nrf2 chicken gene targets. Within the identified binding regions in DMF-treated liver cells, a de novo motif analysis identified the most enriched motif, and it perfectly matched the core ARE motif (Chorley et al., 2012) . In addition, there were many genes that displayed expression changes but lacked Nrf2 binding, and these may be regulated indirectly by changes in the redox environment. NRAS, CYP2C45, and GYS2, with the most significant binding peak, are well known for their oxidoreductase activity and are involved in the oxidation-reduction reaction (Nichols and Kirby, 2008) . UGT1A1, the UDP-glucuronosyltransferase 1-1, belonging to the UGT (UDP glucuronosyltransferase) family was associated with detoxification in the liver (Gong et al., 2015) . The protein produced from the UGT1A1 gene, known as bilirubin uridine diphosphate glucuronosyl transferase enzyme, was the only enzyme glucuronidates bilirubin. Bilirubin regulatory enzymes are then recruited to mitochondrial during oxidative stress (Muhsain et al., 2015) . Meanwhile, the activities of the CYP family, such as CYP2A5, CYP2C45, etc., were elevated concortly to the induced nucleotranslocation of Nrf2 (Muhsain et al., 2015) . It has been widely demonstrated that UGT1A1 is one of the Nrf2-regulated down-stream genes when responsible for oxidative stress (Nordgren and Wallace, 2014) .
CoIP analysis detected that L-FABP was involved in the Nrf2/ARE signaling downstream pathway. It is suggested that L-FABP are known to be more resistant to oxidative stress than those devoid of this protein (Yan et al., 2009 ). There are seven cysteines and one methionine in L-FABP which inactivate the free radicals in liver cells (Yan et al., 2009 ). Moreover, exposure of the L-FABP binding site further promotes its antioxidant activity (Yan et al., 2009) . Cysteine can bind to the hydrophobic ligand of scavenging free radicals, while methionine can be oxidized by free radicals to methionine sulfoxide to protect cells from oxidation. Wang et al. (2005) has demonstrated that the concentration of L-FABP can be elevated with increased free radicals. L-FABP can reduce liver cell oxidative stress damage caused by H2O2 after transfect with L-FABP gene (Wang et al., 2005) . These suggest that free radical generation was accompanied by the production of L-FABP during cold stress and the latter was responsible for inactivation of the former.
Cold stress stimulates the body to produce excess free radicals which peroxidizes with polyunsaturated fatty acids from biomembrane, and thus destroys the integrity of the cell membrane, leading to serious damage to the cell membrane (Sahin et al., 2003; Shustanova et al., 2004) . It is reported that L-FABP has high affinity and adhesion to polyunsaturated fatty acids and lipid peroxides which might protect cell membranes from damage through prevention of oxidation of polyunsaturated fatty acids and the lipid peroxides injury to the cell membrane (Wang et al., 2005) . In addition, L-FABP can transport fatty acids to mitochondria or endoplasmic reticulum through simple difussion, thus regulating the homeostasis of liver lipid metabolism (Veerkamp and Moerkerk, 1993; Zimmerman and Veerkamp, 2002) . Lipid synthesis for energy storagage might be the first response against long term cold stress. For this purpose, L-FABP binding to fatty acids, can produce energy through β-oxidation, esterify to produce phospholipids to resist cell membrane damage, or produce triglycerides to supplement the loss of fat. Wolfrum (1999) stated that expression of L-FABP was proportionally correlated to fatty acid intake, and it can also enhance β-oxidation.
It is believed that cold stress induced oxidative stress and generated free radicals which trigger the upgeneration of L-FABP. The L-FABP might jointly with other proteins act to inactivate free radicals and also promote fatty acid intake to cope with low temperature through lipid synthesis.
